The effects of mutations in five anterior gap genes (hkb, tll, otd, ems and brd) on the spatial expression of the segment polarity genes, wg and hh, were analyzed at the late blastoderm stage and during subsequent development. Both wg and hh are normally expressed at blastoderm stage in two broad domains anterior to the segmental stripes of the trunk region. At the blastodenn stage, each gap gene acts specifically to regulate the expression of either wg or hh in the anterior cephalic region: hkb, otd and btd regulate the anterior blastoderm expression of wg, while tll and ems regulate hh blastoderm expression. Additionally, brd is required for the first segmental stripe (mandibular segment) of both hh and wg at blastoderm stages. The subsequent segmentation of the cephalic segments (preantennal, antenna1 and intercalary) appears to be dependent on the overlap of the wg and hh cephalic domains as defined by these gap genes at the blastoderm stage. None of these five known gap genes are required for the activation of the labral segment domains of hh and wg, which are presumably either activated directly by maternal pathways or by an unidentified gap gene.
Introduction
The segmental pattern of the Drosophila embryo is initially defined by the spatially reiterated expression pattern of segment polarity genes. In the trunk region of the embryo, a reiterated array of 14 stripes of segment polarity gene expression arises during the late blastoderm stage as the final event in a well defined cascade of gene activity involving gradients of maternal products, regional activation of gap genes and overlapping 7-stripe arrays of pair-rule gene expression (see review by Lawrence, 1992) . Two of the most important of the segment polarity genes are wingless (wg) and hedgehog (hh), which encode secreted peptides that serve to coordinate patterning within each segment (van den Heuvel et al., 1989; Lee et al., 1992; Taylor et al., 1993) .
In contrast to the trunk, the process of segmentation in the cephalic region is less well understood. In addition * Corresponding author, Tel.: (212) 854 4381; Fax: (212) 854 7491. to the three gnathal segments (mandibular, maxillary and labial) that represent the three most anterior segments of the 14 stripe array at blastoderm, stripes corresponding to the three cephalic segments (preantennal/ocular, antenna1 and intercalary) appear in the extended germband at stage 10 (Cohen and Jiirgens, 1990; Schmidt-Ott and Technau, 1992; Jiirgens and Hartenstein, 1993) . Near the anterior end of the embryo, associated with the labral lobe and the invaginating foregut, are additional domains of segment polarity gene expression that may indicate one or more additional segments (labral +?, Schmidt-Ott and Technau, 1992) .
The three cephalic segments are most evident as the periodic expression of segment polarity genes in stage 10 (wg, hh and en). These domains arise in stage 10 from the division of the broad cephalic domains of wg and hh expression in the blastoderm. This is more evident for the hh stripes because of their approximately equal size in the three segments (Tashiro et al., 1993) , but can also be observed for the formation of the separate, disparately 092%4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00332-M sized wg domains (Baker, 1987 (Baker, , 1988 . During late stage 10, en, which defines the posterior compartment for each segment, becomes activated within arrays of cells substantially overlapping the cephalic hh stripes (Tabata et al., 1992) , suggesting that the evolution of the cephalic hh stripes reflects the generation process of the cephalic segments.
Five gap genes have been identified that affect patterning in the anterior terminal region. The genes huckebein (hkb) and tailless (t/l) are expressed in terminal and subterminal portions of the blastoderm, respectively (Weigel et al., 1990; Pignoni et al., 1990) . Both of these genes can be activated either by the torso-mediated pathway specifying terminal embryonic pattern or by high levels of the bicoid protein which regulates anterior gap gene expression, although proper spatial expression of hkb and tN requires both maternal-patterning systems (Bronner and Jackie, 1991; Pignoni et al., 1992) . More posteriorly, the genes orthodenticle (otd), empty spiracles (ems) and buttonhead (btd) are expressed in overlapping domains in response to specific concentrations of the bicoid protein (Finkelstein and Perrimon, 1990; Dalton et al., 1989, Walldorf and Gehring, 1992; Wimmer et al., 1993) . However, this set of gap genes do not account for all the zygotic patterning along the anterior-posterior axis in the anterior terminal region: for instance, labral expression of the homeotic gene cnc is activated and maintained independently of the action of these genes, although its expression requires both the bicoid and torso maternal patterning genes (Mohler, 1993) . Cohen and Jiirgens (1990) demonstrated that the genes otd, ems and btd were necessary to form the cephalic en and wg segmental domains at stage 10. However, because these segmental effects could only be observed late in development (en is not expressed in the cephalic region until stage lo), the mechanism by which these segmental domains were generated was unclear, so these genes were designated as 'gap-like' rather than as 'gap' genes. Whether these genes act similarly to the other gap genes, transducing maternal information into blastoderm pattern, is unclear. The observation that the two foregut homeotic genes,fkh and cnc, also have a late 'gap-like' effect on the foregut-specific expression of segment polarity genes, being required for maintenance of expression past stage 11 but not their initial activation (Mohler et al., 1995) , raised the possibility that the effects of the otd, ems and btd genes on cephalic segmentation might be similarly indirect.
In order to better define the spatial requirements for these gap genes in establishing the segmentation pattern of the embryo, I have examined the effects of mutations in these genes on the blastoderm and subsequent expression patterns of the segment polarity genes, wingless and hedgehog. This analysis found that each of the five anterior gap genes (hkb, tll, otd, ems and btd) affect the blastoderm expression of these segment polarity genes and that the effect of each gene within the anterior cephalic region is specific to the expression of either hedgehog or wingless at the blastoderm stage. In addition, labral-specific expression of both wingless and hedgehog, like the labral expression of cnc, was activated and maintained independently of the known gap genes.
Materials and methods
In situ hybridization of Drosophila embryos was carried out as described by Tautz and Pfiefle (1989) using digoxygenin-labeled RNA probes. For wg hybridizations, the 3 '-terminal PstI fragment of the wg cDNA (Rijsewijk et al., 1987) was used as a probe. For hh hybridization, either the 5A cDNA (which is colinear to the genomic DNA and detects both intronic and exonic sequences, Mohler and Vani, 1992) or the 4.1/8B hybrid cDNA (which includes only exonic sequences, Mohler et al., 1994 ) was used as a probe.
The following alleles of gap and maternal effect genes were used for the hybridizations: hkbA, tllL'a-22, otdXDs7 exu PJ42' ems7D99, btdXG8', bcdE', tor WK34/torQK2s, , exuXL'lDf(2R)exul.
Mutant embryos were identified by their alterations on segment polarity gene expression, either in the anterior terminal region or more posteriorly. For the two cases in which no change of expression was observed in gap gene mutants (hh expression in ems7D99 and wg expression in otdxD*'), mutant embryos were identified by their failure to express /3-galactosidase RNA from parents heterozygous for the gap gene mutation and a balancer chromosome carrying a transposon expressing P-gal under control of the ftz promoter. The extents of the anterior domains were measured at the midlateral position on photographs of mutant embryos at late stage 7.
The expression patterns of the wg and hh segment polarity genes were also examined at stages 7-10 in a number of other mutations that potentially disrupt head patterning. These include the gap mutants, hb*4F and gr yA82, the pair-rule mutants, opa2p32, ftz7'17, eveID19, odd7c82, /,UK, prd2B42 and prd2N47, the homeotic gene sal"" and other genes described by Niisslein-Volhard and colleagues ( 1984) as affecting larval head morphology, bhc 1549, brh2"I, ,li2Dl8, Cra2G44 lea2SS2 and thiZM44.
Because no effects on the expression of either hh or wg during stages 7-10 were observed for these genes, their expression domains at stage 7 were not precisely measured.
Results

I. Control of anterior hedgehog expression by gap genes
As previously described (Mohler and Vani, 1992 , Lee et al., 1992 , Tabata et al., 1992 , Tashiro et al., 1993 , hedgehog expression is initiated at late blastoderm stage in seventeen domains (Fig. 1A) . Anteriorly there are two broad domains: the foregut domain (FG), approximately five cells wide located in dorsal and lateral region at about 97% EL (egg length) and the cephalic domain (Cph), three to four cells wide located in an angled stripe from about 75% EL dorsally to 83% EL ventrally. More posteriorly, hedgehog is expressed in a hindgut domain, three to four cells wide at about 5% EL near the posterior pole and 14 single-cell wide stripes between 10% and 70% EL. These 14 single-cell wide stripes define the segments of the trunk region (3 gnathal, 3 thoracic and 8 abdominal).
By the end of stage 10, the cephalic domain has trifurcated into three separate stripes ( Fig. 2A) , corresponding to segmental domains for the intercalary segment (Ic), antenna1 segment (An) and pre-antenna1 segment (pAn). During late stage 11, the foregut domain also divides into separate pharyngeal (labral) and esophageal domains, under the respective action of the cnc andfih homeotic genes (Mohler et al., 1995) .
Mutations in three anterior gap genes (tll, ems and btd) affect the anterior blastoderm patterns of hedgehog expression (Table 1 ). In mutant tll embryos (Fig. lB) , the foregut domain expands posteriorly to become about seven cells wide and the cephalic domain broadens anteriorly, away from the mandibular stripe, to become 6-8 cells wide. In mutant ems embryos (Fig.  lC) , the cephalic domain fails to form. In btd embryos ( Fig. lD) , only 13 single-cell wide stripes form in the trunk region of the blastoderm. Based on the ultimate fate of the remaining stripes (see below), these btd embryos are presumably missing the most anterior stripe corresponding to the mandibular segment. The cephalic domain of hh is shifted posteriorly about three or four cells in btd mutants, such that it is now spaced approximately the same distance from the maxillary stripe as it would normally be from the mandibular stripe. Mutations in the two other anterior gap genes, hkb and otd, have no discernible effect on anterior hedgehog blastoderm expression (Table 1) .
By late stage 10, the effects of these gap genes on the establishment of separate segmental domains from the blastoderm cephalic domain can be determined. In tll mutant embryos (Fig. 2B) , trifurcation of the enlarged cephalic domain occurs normally but the segmental stripes are wider and displaced dorsally. In otd mutant embryos (Fig. 2C) , the cephalic domain fails to divide and a single intercalary stripe forms. The cephalic domain also fails to divide in btd mutant embryos (Fig.  2E) , leaving a broad stripe across the cephalic region of unknown segmental identity; these embryos are also missing the mandibular segment domain. In ems mutant embryos (Fig. 2D) , there is no expression corresponding to any of the three cephalic segments. None of these anterior gap genes affect the division of the foregut domain into separate esophageal and pharyngeal domains during stage 11 (not shown).
Control of anterior wingless expression by gap genes
As first described by Baker (1987 Baker ( , 1988 , wingless expression in wild-type embryos initiates at late blastoderm stage (stage 7, nuclear cycle 14) with three broad expression domains: two in the head at about 95-100% EL (the esophageal domain, ES) and dorsally at about 75-85% EL (the cephalic domain, Cph) and one at the posterior end at about 10% EL (the hindgut domain, HG; Fig. 3a) . Just prior to and during early gastrulation (stage 8), 14 single-cell wide stripes are activated in an anterior-to-posterior order between the cephalic domain and the posterior hindgut domain (570% EL). During late stage 8, an additional bilateral pair of wingless expression spots, corresponding to the labral domain, are induced close to the dorsal midline midway between the esophageal and cephalic domain. At stage 11, this labral domain is located at the dorsal margin of the clypeolabrum (Fig. 4a) . During stage 10, the cephalic domain subdivides into three domains corresponding to the three cephalic segments easily resolved at stage 11 (Fig. 4a) : a small lateral-ventral dot (intercalary segment, Ic), the mid-lateral stripe (antenna1 segment, An) and the dorsal-lateral 'head blob' within the acron (AC).
Three gap genes, hkb, otd and btd, disrupt the initial expression pattern of wingless in the cephalic region. The initial anterior region expression pattern of wingless is unaffected by mutants of the two other anterior gap genes, tll and ems (Table 1) . In hkb mutants, the anterior esophageal domain is missing and the cephalic domain is expanded anteriorly to span 75-90% EL (Fig. 3B) . In btd mutants, the cephalic domain is narrower with a diffuse posterior border, the first one-cell stripe (corresponding to the mandibular segment) is missing and the second segmental stripe (corresponding to the maxillary segment) is expanded anteriorly to three cells wide.
In otd mutants, expression in the cephalic domain is initiated normally, but fails to reach peak expression levels, then fades as expression in the individual segments is initiated, such that by the middle of stage 8 (Fig. 3E) , no expression corresponding to the cephalic domain remains in otd mutant individuals. By stage 11, mutants of live of the anterior gap genes show a disruption of the segmental wingless expression pattern. hkb mutants are still missing the esophageal domain and the labral domain is shifted anteriorly (Fig.  4D) . tll mutant embryos are missing the 'head blob' of the acron and the labral domain is greatly expanded (Fig. 4B) . otd mutant embryos lack almost all expression corresponding to three cephalic segments (AC, An and Ic), except for expression in a single lateral cell of unknown segmental identity (marked '?' in Fig. 4C ). ems mutant embryos possess a single fused head blob (AC, Fig. 4E ), rather than three defined segmental domains. btd mutant embryos also possess a single head blob (AC, Fig. 4F ) (without the separate antenna1 and intercalary segmental domains) and are also missing the mandibular segment domain. Notably, the labral domain is present in mutants of each of the anterior gap genes.
Effects of maternal patterning gene mutants on wingless and hedgehog anterior expression
The failure of mutations in any of the anterior gap genes to disrupt expression of the wg labral and hh foregut domains suggests that expression in. the labral region is independently regulated, either by an unidentified gap gene or directly by known (or possibly unknown) maternal factors. In order to better characterize the labral regulation of these genes, expression of hedgehog and wingless in mutants affecting bicoid-and torso-patterning systems were examined.
In mutants of bicoid (bed), all anterior-specific expression domains of hedgehog and wingless are missing. In blastoderm stages, wingless is expressed in only sym-metrical broad bands, about 4-5 cells wide, at each end of the embryo (Fig. 5A) , which become associated with the hindgut invaginations at each end; at this stage, no localized expression of hedgehog could be detected (not shown). During germ band extension, individual segment-specific stripes of wingless and hedgehog arise in bed mutant embryos, culminating in six evenly spaced stripes in the posterior region of the embryo and three or four irregular stripes in the anterior region ( Fig. 5B  and C) .
In mutants of exuperantiu (exu), bed mRNA is improperly localized, resulting in a shallower gradient of Bed protein in the early embryo (Berleth et al., 1988) . Correspondingly, the anterior-most expression domains of hedgehog and wingless are missing and the anterior trunk region is expanded. In exu mutant blastoderm embryos, the wg esophageal domain is missing; the wg cephalic domain is shifted anteriorly to about 90-95% EL, the spacing between the gnathal wg stripes is increased and the labial wg stripe is expanded to approximately four cells wide (Fig. 6A) . hh expression is similarly affected in exu mutant blastoderm embryos: the hh foregut domain is absent, the hh cephalic domain is shifted anteriorly to approximately 90% EL and the spacing between the four anterior-most trunk-segment stripes (mandibular, maxillary, labial and prothoracic) is increased (Fig. 6C) . During stage 10, the wg and hh cephalic domains disintegrate into a variable number of spots; those that remain after stage 10 become associated with the ectopic hindgut invagination in the anterior-dorsal region of the stage 10 exu mutant embryo ( Fig. 6B and D) .
The maternal effect gene torso (tor) is required for patterning near the anterior and posterior termini of the Drosophila embryo (Schiipbach and Wieschaus, 1986) . In blastoderm embryos from torso mothers, the esophageal and labral wg expression domains are missing and the cephalic domain is shifted anteriorly to 83-96% EL (Fig. 6E) . In torso blastoderm embryos, all the anterior hh expression domains are present, except that the cephalic domain is shifted anteriorly to approximately 80-88% EL and the foregut domain is shifted ventrally, lying just anterior to the ventral boundary of the cephalic domain (Fig. 6G) . During stage 10, an esophageal wg domain is induced and the cephalic domain trifurcates normally into separate intercalary, antenna1 and acron domains (Fig. 6F) . At stage 10, all of the anterior hh expression domains are present in torso-derived embryos; however, during stage 11, the foregut hh expression fails to divide into separate esophageal and pharyngeal domains (not shown). The failure to establish a separate pharyngeal hh domain is consistent with absence of pharyngeal expression of the homeotic gene cnc in torso-derived embryos (Mohler, 1993) , which is required for the proper elaboration of the foregut hh expression domain (Mohler et al., 1995) .
Discussion
Functional requirements for gap genes for segment polarity gene expression at blastoderm stages
Analysis of the expression patterns of the wg and hh segment polarity genes in mutants of anterior gap genes reveals defined requirements for each of the gap genes (Fig. 7) . For proper wg expression, hkb is required for establishment of the esophageal domain, otd for the maintenance of the cephalic domain and btd for full expression of the cephalic domain and the first (mandibular) wg stripe. For proper hh expression, tll is required to define the posterior boundary of the foregut expression domain and the anterior boundary of the cephalic domain, ems is required for the initiation of the cephalic domain and btd is required for the first (mandibular) hh stripe.
The maternal gene bicoid is required throughout the anterior region for proper hh and wg expression. In the absence of bed, none of the anterior cephalic domains form and are replaced by mirror-duplicate hindgut domains. Only nine or ten segmental stripes arise during gastrulation, with highly disrupted spacing of the most anterior four. In exu embryos for which a shallower gradient bed protein is formed, the trunk segmentation and the cephalic expression domains are restored. But in exu embryos, the most anterior foregut and labral domains are absent and the cephalic domains do not develop properly, forming instead an ectopic hindgut. The torsomediated pathway affects anterior wg and hh expression minimally. torso mutants affect the positioning but not the initiation of the hh anterior domains and affect the initiation of the most anterior esophageal and labral wg domains, although the esophageal domain is subsequently induced at a later stage.
The spatial regions for which the gap genes are required for proper segment polarity gene expression reflect their order of expression on the anteriorposterior axis (see review by Jiirgens and Hartenstein, 1993) . hkb is required for the most anterior wg domain, tll for the region anterior to the hh cephalic domain, otd for the wg cephalic domain, ems for the slightly more posterior hh cephalic domain, and btd is required at the transition zone between the anterior cephalic region and the segmented germ band. These requirements for the gap genes reflect more accurately their late, rather than the early, blastoderm expression patterns. For example, the requirement for tll to define the limits of the hh foregut and cephalic domains at 95% and 77% EL reflects the late tll expression domain (74-88% EL) more closely than the early expression (SO-loo% EL, Pignoini et al., 1990) .
Remarkably, unlike the roles of the gap genes in the more-posterior segmented trunk region, in the anterior cephalic region, each gap gene is required for the proper expression of either wg or hh but not both. hkb and otd are required for the proper wg expression patterns; tll and ems are required for the proper hh expression patterns. This observation suggests that the regulation of the anterior expression of wg and hh may be essentially under a direct control by the gap genes, without an intervening level of gene control as provided by the pairrule genes in the trunk region. The requirement for btd activity for both the mandibular wg and hh stripes presumably reflects an effect mediated through the pairrule genes, whose misregulation may also account for the subtle alterations of the wg and hh cephalic domains, None of the mutations of the known gap genes affect the expression domains associated with the labral segment: the hh foregut domain and the wg labral domain. Similarly, the labral expression of the homeotic gene cnc is also unaffected in all the known gap gene mutants (Mohler, 1993) . This independent expression in the labral region suggests that there might be a labralspecific gap gene that has not yet been identified. Alternatively, these domains may be directly activated by bed at high protein concentrations. It is worth noting that these different labral domains are differently affected by the torso and bicoid maternal pathways. The hh foregut domain requires only high levels of bed, whereas the cnc and wg labral domains require both high bed levels as well as torso activation. If high bed concentrations activate these domains directly, it is possible that the differential response of the different labral domains might reflect differences in the torso-mediated phosphorylation of bed protein (Ronchi et al., 1993) . However, the labral cnc domain can be activated by the torsomediated pathway alone in tll-mutant embryos near the posterior pole (Mohler, 1993) , suggesting that some element of the torso-mediated pathway may be the principal activator for labral specific expression and that the role of bed might simply be to delimit tN expression posterior to the labral region. Thus, activation of each of these domains appears to differentially require the activity of the bed and torso pathways, suggesting that no single, unknown gap gene is responsible for activating the labral expression of all three genes (hh, wg and cnc).
Formation of the cephalic segments involves possible interaction of wg and hh expression domains
As seen here, otd, ems and btd regulate the expression patterns of the segment polarity genes, wg and hh, during the blastoderm stage as well as that of homeotic genes such as cnc (Mohler, 1993) . Thus, these genes do appear to act in one sense as gap genes, transducing maternal information into blastoderm gene expression to define the segmental pattern. However, their role in defining the segmentation pattern of the cephalic region appears less direct than was hypothesized by Cohen and Jtirgens (1990) in that they do not appear to be responsible for defined blocks of segments within the cephalic region. Rather they appear to act to define the initial broad expression domains of wg and hh. The subsequent segmentation is correlated with the initial overlap of the expression domains of wg and hh (Fig. 8) .
In mutants where either the wg or hh cephalic domain is not present (otd and ems, respectively), the complimentary domain fails to divide, resulting in a single cephalic segment domain. In the tll mutant, where the degree of overlap is increased by the expansion of the hh blastoderm domain through most of the wg domain, at stage 10, the segmentation covers a larger region of the head and the most anterior wg domain (the 'head blob') is missing. In the btd mutant, where the degree of overlap is reduced due to the contraction of the wg blastoderm domain and the posterior shift of the hh cephalic domain, no subdivision of the hh or wg domains occur, resulting in a single cephalic segment (missing, in addition, the adjacent mandibular segment).
It is not clear how the overlapping expression of wg and hh translates into separate segmental domains. One possibility is that this is a function of the same dynamics involved in wg and hh interaction in the segmented trunk region. This interaction involves mutually exclusive expression of wg and hh in the same cell along with mutual stimulatory activation in adjacent cells (Hooper and Scott, 1992) . From initial overlapping domains, such an interaction would be expected to generate an interference pattern establishing specific hh and wg domains, which can under appropriate conditions lead to the generation of alternating stripes (Meinhardt, 1994) .
Alternatively, the otd, ems and btd gap genes may activate as yet unidentified segment-specific homeotic or other selector genes within parts of this region during blastoderm stages. These homeotic genes may then act to subdivide the overlapping region of wg and hh into + otd ems tll btd Fig. 8 . Generation of the cephalic segmental stripes of wg and hh expression in gap gene mutants. In wild-type embryos (+). the wg (hatched) and hh (stippled) cephalic domains are overlapping at blastoderm stage (left) and, at stage IO (right), three separate segmental domains are present. In ord embryos, the wg cephalic domain is missing and a single hh domain persists at stage 10. In ems embryos, the hh cephalic domain is absent and a single wg domain persists at stage 10. In rll embryos, the hh cephalic domain expands anteriorly to include most or all of the wg cephalic domain; at stage 10, the most anterior wg domain is missing. In btd embryos, there is little or no overlap between the hh and wg cephalic domains due to slight alterations in their size and position; at stage 10, there is only a single domain each of wg and hh expression. discrete segmental domains at stage 10. A similar role for the cnc and jkh homeotic genes in subdividing the foregut hh expression domain into distinct pharyngeal and esophageal domains has been described (Mohler et al., 1995) .
